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MATTER AND COSMOLOGY PART 2 

HELDS, PARTICLES AND THE CHEMICAL ELEMENTS 

by 

Reinhard Effenbergtr, B.Sc.(Hons.)(W.Aust.), Ph.D.(ANU) 
Tutor in the Department of Chemistry 

Salisbury College of Advanced Education, 
South Australia. 

'There has been of late a growing trend of opinion, prompted in part 
by general philosophical views, in the direction that the theoretical con
structions of physical science are largely factitious, that instead of 
presenting a valid image of the relations of things on which further 
progress can be based, they are still little better than a mirage. The 
best method of abating this scepticism is to become acquainted with 
the real scope and modes of application of conceptions which, in the 
popular language of superficial exposition-and even in the unguarded 
and playful paradox of their authors, intended only for the instructed 
eye-often look bizarre enough. But much advantage will accrue if men 
of science become their own epistemologists, and show to the world by 
critical exposition in non-technical terms of the results and methods of 
their constructive work, that more than mere instinct is involved in it: 
the community has indeed a right to expect as much as this." 

H. Poincare (1906) 
Science and Hypothesis 



INTRODUCTORY REMARKS 

In Part 1 of this series'. an attempt was made to summarise, from a historico-philosophical stance, the 
various viewpoints from which the nature of matter has been investigated. Always bearing in mind the scope of 
an article of this type, it would seem that Part 1 formea a useful, if somewhat cursory guide, vis a vis the concepts 
which underlie contemporary physical theory. It was repeatedly emphasised that current conceptual models re
move the nature of matter further and further from the experiential image we have felt so comfortable with. The 
classical concept of matter, that hard, indivisible ball of 'stuff' which occupied a three-dimensional Euclidean space 
(itself moving forever forward along a one-dimensional time axis which stretched from the infinite past to the 
infinite future) and possessed cf the properties of motion, inertia and gravity, was transformed into a m»re warp 
or deformation of a four-dimensional space-time metric. Matter, and its defining properties, was a product of the 
local four-dimensional space-time structure; it had been geometrised. But this was not all. Within the theory of 
general relativity, gravity appears as a topological warping of a continuous space-time metric, the gravitational 
energy being a consequence of this deformation. The focus of this deformation is 'concentrated' gravitational 
energy, i.e. matter. This means that matter, rather than causing gravity, i.e. space-time curvature, is reduced to 
being identical with that curvature of space-time : matter and the local curvature of space-time are one and the 
same reality. 

Moreover, within the new quantum mechanics, even that most cherished aspect of a particle of matter, 
its 'hereness' or 'thereness,' was no longer existent. But this uncertainty of definition was not due to a lack of 
technical sophistication in the instruments of measurement which could, at least in theory if not in practice, be 
improved upon. Because this piece of matter was, somehow, both particle and wave, the impossibility of exact 
localisability was a necessary consequence of the nature of mauer. More precisely, quantum mechanics demanded 
that two cbser"3bles, such as energy and time or momentum and position, could only be measured simultaneously 
if the operators which generated the two observables possessed the mathematical property of commutability. For 
each of the above data sets, the individual operators do not commute and hence there must always exist some 
lower limit to the error of measurement of each data set. This lower limit is independent of the particular measur
ing process used. Such uncertainty is inherent in the quantum mechanical description of nature and sets a fund
amental limit to our knowledge. The universe is a closed system and an attempt to isolate any specific entity, 
such as an electron, by measuring procedures necessarily leads to some fundamental uncertainty because this pro
cess, no metter how 'gentle.' will destroy the uniqueness of the total state function which describes the entity. 

Part 1 concluded with an all too brief statement of the limitation of ordinary language as an explanatory 
tool for current physical concepts. Everyday language, drawing as it does upon experiences gleaned from our 
immediate surroundings, cannot be extrapolated, without severe distortion in meaning, to include within its scope 
the realm of the very small or that of the very large. More importantly, the words and relations contained in our 
language presuppose the existence of separable entities—that solid as being distinguishable from that liquid, this 
svstem being independent of these restraints, this process being influenced by these conditions but not those-and 
it is this idea of distinction, of naming objects, of mutual exclusion, which makes the game of science so difficult. 
It is becoming increasingly evident that the universe is a closed system of mutual interaction which cannot be 
ignored, except at one's own peril, if a consistent and understandable science is to be achieved. The trend of in
creasing mathematisation of physical theory represents a natural consequence of our language limitation and 
strives at -: presentation of nature which will not be coloured by our bias for visualisable models based upon 
experiential vagrancies. But this trend, of course, is responsible for the increasing discomfort felt by most students 
and many competent exponents of science, a discomfort resulting from their inability to 'come to grips' with 
current physical theory and, consequently, visualisable models of these mathematical constructs abound in the 
textbooks. We must, however, be at all times aware of the limitations of such visualisations and be careful to 
extract from these models cn.y concepts consistent with those contained within the formalised superstructure. 
Because of this tendency to slip into the habit of assigning familiar properties to visual models, physics must 
utilise their essential features to construct a formally axrjmatised model from which the visual model may be 
-terived when n juired; the formal model serves as a conceptual check on its visual derivative. Since a majority 
of people are able to work only with the more tangible visual model, it must be conceded that such models are 
essential 'or the progress of science, for it is certain that most of the revolutionary scientific achievements stemmed 
from the derivaoon of explanatory theories from such models. On the other hand, we should remember that the 
derivation of observables from a consistently axiomatised mathematical theory remains one of the greatest triumphs 
oi contemporary physics and does bring us closer to an ultimate understanding of the world. The systematisation 
of known phenomena into a deductive system based upon a minimum number of axioms indicates that these 
axioms describe, in a fundamental way, some part of the nature of the world. Mendel Sachs, a theoretical physicist. 
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places this interpretation upon the aim of the abstract approach: 

"Wiv .ins approach, we would have to say that there is nothing special about the world, because of the 
way vat man. in particular, sees it! The human being uses his perceptions to arrive at abstract laws of 
nature, as far as he can. These are, by definition, a set of logically ordered relations, relating the objec
tive features of the universe, i.e. the relations that man seeks are those which are independent of 
whether or not man is there to perceive the manifestations of the universe." 

UNIFICATION WITH THEORY 

Although it might seem that our understanding of the nature of matter has become more obscured within 
the framework of reli tivity and quantum mechanics, the physicist's world has been greatly simplified because a 
great number of diverse and apparently unrelated phenomena can be ordered and unified within this new frame
work. The postulate of general relativity (which subsumes special relativity) relates all mechanical (and some 
electromagnetic) phenomena to the local structure of space-time. Non-rectilinear motion, previously requiring 
the arbitrary postulate of a force to engender its production, now follows naturally from the concept of the 
geodesic-the shortest distance between two points-which, in flat or Euclidean four-dimensional space-time, is the 
straight line (rectilinear motion) but wNch becomes a curved line (non-rectilinear motion) if space-time is non-
Euclidean. Gravity and uniform acceleration become indistinguishable in effect—both being expressible in terms 
of a non-Euclidean space-time metric. Light, which follows the geodesic determined by the local space-time struc
ture, will deviate from a straight line as it passes through a region where space-time is non-Euclidean. The passage 
of time is also dependent upon the structure of the metric. In a gravitational field (or a system under acceleration) 
time passes more slowly than it does in a region where the metric is Euclidean. Through the development of 
quantum mechanics, thermodynamics could be derived from the quantum description of atomic and molecular 
structure, a theory of nuclear and sub-nuclear structure was developed and many other phenomena, ranging from 
potential barrier penetration to super-fluidity and super-conductivity at low temperatures, found ready explanation. 
Th<- combination of special relativity and quantum mechanics, which led to the quantum field theory of Dirac 
(1928), provided a new insight into the structure of the electron. The electron spin, which nonrelativistic tneory 
had to ascribe arbitrarily to the electron, enters automatically in Dirac's theory. The resulting magnetic moment, 
previously a stubborn, irreducible experimental datum, could be calculated with almost perfect accuracy f.om 
Dirac's electron equation. The resulting expression for the total energy of a free electron led to the prediction of 
both positive and negative value-., for the electron energy. In classical relativistic mechanics, the negative values of 
this energy were regarded as physically meaningless. Within the framework of quantum field theory, these negative 
energy values implied the existence of the anti-electron, the positron. The positron was subsequently identified in 
1933 as being produced during cosmic ray showers in the upper atmosphere. Since then, antiparticles have been 
discovered for the other elementary particles and anti-atoms have also been produced. Naturally, one must now 
consider the possibility of a complete anti-universe, even antilife itself. Additionally, quantum field theory showed 
that the electromagnetic force or interaction was due to the exchange of virtual* photons between charged parti
cles. Indirectly, this concept revolutionised our idea of interaction. A system of particles interacted by the ex
change of energy in the form of other particles such as photons, gravitons or mesons. Some of these aspects of the 
new physics will be discussed at a later stage in this article. Contemporary physics has also made great advances in 
elucidating the possible genesis of the chemical elements which constitute our known universe. Through a combination 
of nuclear physics and astrophysics, scientists are now fairly certain that the basic processes of element building, or 
nucleosynthesis, are well enough understood to enable a viable nucleosynthetic theory to be forwarded. This theory 
will be outlined ir some detail in the second half of this article. 

ATOMIC AND NUCLEAR STRUCTURE 

The atomic model of contemporary physics and chemistry resulted from the amalgamation of many attempts 
to systematise ar.d unify the great wealth of experimental data collected over the last two centuries of human history. 
In 1802, the Enolish chemist John Dalton, expanding upon ideas of the atomic nature of matter which had been 
extant in early Greek philosophy (via leucippus and Democritus) and, more recently, in the work of Isaac Newton, 
proposed that the chemical elements were composed of minute bodies, the atoms, and that the atoms of each element 
were distinct in their masses and volumes. Contrary to the view put forward by most chemists, Dalton did not arrive 
at his atomic theory from his extensive studies of the proportions by which the various chemical elements combined 
to form compounds. Rather, the idea of the atomic structure of substances seems to have arisen in his mind as a 

"Such photon exchange violates energy conservation and the photons involved are not observable, i.e. they are virtual. 
If At is the time taken for the exchange, then energy conservation may be violated by an amount A E> h/2 >rAt. 
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purely physical conception which was forced upon him by his studies of the physical properties of the atmosphere 
and other gases.3 Being confronted in this study by the problem of determining the relative diameters of the part
icles which he was convinced made up all the gases, he had recourse to the results of chemical analysis. With the 
assumption that combination always took place in the simplest possible manner, it was possible to arrive at the con
clusion that chemical combination occurred between particles of different weight. This conclusion was brilliantly 
confirmed by experiment and the atomic hypothesis was put upon a sound quantitative foundation. For Dalton. 
the atom was the smallest amount of an element which could enter into combination with the atoms of another 
element to form a chemical compound. Moreover, the atom was a structureless entity and could not be created 
nor destroyed. 

Although the atomic concept made possible the systematisation of experimental chemistry, the discovery 
of more and more elements, and by implication, more and more atoms, made it necessary that the elements be 
grouoed into some coherent whole. In much the same manner as the great variety of chemical compounds de
manded a unifying concept for systematisation so now, at a more basic level, the proliferation of elements in turn 
required unification under a more basic idea. It came as a great relief to the scientific world when Mayer and 
Mendeleef showed that certain properties of the elements recurred at periodic intervals. Such periodicity was ind
icative of an underlying structure, common to all elements, and led Prout to propose that the simplest element. 
hydrogen, might be the basic atomic component, all heavier elements being multiples of this unit.4 Although 
Prout's proposal is essentially correct by modern standards the fact that the elements did not have integral atomic 
weights led to the rejection of the hypothesis. While the classification system of Mayer and Mendeleef did not 
allow a viable explanation of chemical periodicity to be derived, it nevertheless enabled a coherent system of 
knowledge to be developed and was responsible tor the discovery of the unknown elements implicated by gaps in 
the periodic table. 

By the end of the nineteenth century, sufficient evidence had been accumulated to show that atoms were 
not structureless-not were they indestructible. As early as 1807, Humphrey Davy had found that solutions of a 
type of chemical compounds (called salts) could be decomposed by the passage of electricity through the solution. 
Faraday, in 1834, demonstrated that the electric conduction of solutions of salts was due to the motion of charged 
particles (which he called ions) in an electric field. Positively charged ions he termed cations, negatively charged 
particles were termed anions. This work led to the acceptance of the concept of an elementary electric charge. 
the electron, and ions were formed by the removal or addition of one or more electrons to a neutral atom. This 
new idea was explicitly formulated by Helmholtz in 1881 : s 

"If we accept the existence of atoms of elements, we cannot avoid the further corollary that electricity 
too-both positive and negative—is divided into definite elementary quantities which behave like atoms of 
electricity." 

Electrons could also be re&dily separated from gaseous atoms by applying a high voltage to a gas at low pressure 
(Crookes, 1879) and an extension of this experiment by Thomson in 1897 enabled the charge/mass ratio of the 
electron to be obtained. By using a perforated cathode in a modified Crookes' tube, a beam of protons could be 
obtained by applying a high voltage to hydrogen gas at low pressure. This experiment was first carried out by 
Goldstein in 1886 but the positive particles were not identified as protons until 1910. It could be shown that, 

19 while both electrons and protons possessed a unit charge of 1.6 x 10" coulombs, the proton was 1836 times as 
heavy as the electron. Atoms were now considered to be built up from simpler components-protons and electrons 
-and the earliest atomic model, that of J. J. Thomson, was based on this idea. This model visualised the atom as 
a sphere of radius 10 metre which was filled by equal numbers of electrons and protons. That such a model 
could not be correct was conclusively demonstrated by Ernest Rutherford in 1911. The results of alpha-particle 
(helium nuclei) scattering by the atoms of various elements indicated that the bulk of the atomic mass was con
centrated m its central part, or nucleus, the dimensions of which were negligible when compared with those of 
the atom proper. The new model proposed by Rutherford placed the electrons in 'orbit' around a central positively 
charged nucleus which contained essentially the total mass of the atom. The electrons orbited this central nucleus 
at a distance of some 10 metre and the radius of the nucleus was of the order of 10 metre. Two major 
problems were associated with such a model. With regard to the orbiting electrons, classical electrodynamics de
manded that they radiate energy and spiral into the nucleus, producing atomic collapse. This problem was later 
overcome by Niels Bohr whose postulate that certain orbits could violate the classical energy requirement enabled 
this aspect of atomic stability to be accounted for. While his postulate was admittedly contrived to avoid the 
classical difficulties of the Rutherford atom, its validity must be judged by the comparison of the results of the 
theory with the facts of spectroscopy (vide infra). The second problem with Rutherford's model was the staoility 
of the atomic nucleus. Atoms with more than one positive charge, i.e. more than one proton, should immediately 
disintegrate due to the Coulombic repulsion between the protons. We will return to this problem a little later on. 
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At this stage it will be convenient to attend to some of the other advances which were being made in 
the area of physics and chemistry and to show how this work helped to shed light upon the above problem of 
atomic structure. The empirical work of the early spectroscopists such as Kirchhoff and Bunsen (1850). Hartley 
118831 and Balmer (1885) conclusively demonstrated that the atom could absorb and emit electromagnetic 
radiation, but the energy involved in these processes was restricted to certain fixed values. Not all energies of 
the electromagnetic spectrum could be absorbed or emitted by the atom. i.e. atomic spectra were discontinuous. 
These data, when combined with the work on black-body radiation by Planck (1900) and Einstein's study of the 
photo-electric effect (1905), led to Bohr's description of atomic structure in 1913 which stated that the energy 
emitted or absorbed by an aton was dependent upon the allowed energy states available to that atom. For the 
simplest case, the one electron hydrogen atom, Bohr was able to derive, by semi-empirical means, an equation 
which allowed the energy levels to be cTurately calculated. Energy could be absorbed or emitted by the atom 
only by a transition from one allowed energy state to another. Since, on the Bohr model, only certain states were 
available to the electron, the energy emitted or absorbed during transition was fixed at the difference in energy 
between two states. Electronic energy levels in the atom were quantised. 

So far. science had succeeded in systematising much of chemistry within the atomic theory. The atoms 
at th.s stage weie known to consist of at least two components, electrons and protons, which formed unique atoms 
possessing a quantised electronic structure. H. G. Moseley, while working under Rutherford, discovered that atoms. 
when struck by a beam of fast electrons, emitted high-energy electromagnetic radiation (X-rays), the energy of this 
emitted radiation being proportional to the square of the nuclear charge, i.e. proportioial to the square of the 
number of protons. Subsequently it could be shown that the proton number of an element was equal to its 
placement number in the periodic table of Mendeleef. It therefore bacame apparent that the number of protons, 
and consequently the number of electrons in a neutral atom, determined the atom's chemical properties. On the 
Rutherford model, it could be seen that, since the electrons formed the outermost part of the atom, chemical re
activity was a function of the electronic structure of the atom. As two atoms approached each othe-, their elec
tron shells would come into contact and so it seemed logical to explain chemical reactivity in terms of electronic 
structure. Moreover, it was also apparent that only the outer electrons of an atom would interact to any apprec
iable extent and so atoms with similar outer electronic configurations would show similar chemical properties. 
With the advent of the quantum-mechanical description of electronic structure, it became possible to explain the 
periodic recurrence of chemical properties by a periodic recurrence of outer electronic configurations. We may 
summarise this section by stating that the Rutherford-Bohr atomic model, except for the unexplained stability 
of the nucleus and the fact that the atomic weights of the elements were always about twice as great as their 
atomic numbers (number of protons), allowed considerable systematisation of physics and chemistry to be made. 
The atom had a radius of approximately 10 metre and the nucleus, accounting for essentially all the atomic 
mass, was confined within a central sphere with a radius of the order of 10' metre. The electrons could be 
arranged in energy levels around the nucleus in a manner consistent with the requirements of quantum theory. 
This model successfully explained chemical periodicity, alpha-particle scattering, atomic emission and abosrption 
spectra, successive e1. ctron ionisation energies and, of course, the host of other facts previously systematised under 
earlier models of the atom. 

To return to the problem of nuclear structure. Ever since the discovery of radioactivity by Becquerel 
in 1896, '-lentists had been aware that nuclei were divisible into smaller units. Although the Rutherford model 
postulated the existence of protons in the nucleus, it was unable to explain how the nucleus could hold together 
because, as predicted by electrostatic theory, such a compaction of positive charges should fly apart immediately 
and nuclei more complex than that of hydrogen would not be able to exist. Using the fact that the atomic weight 
of the atom was always about twice the atomic number, a proposal was made that the nucleus consisted of a 
number of protons equal to the atomic number and a number of 'fused' proton-electron couples, the latter number 
being chosen so as to increase the weight of the atom until the atomic weight was reached. This proposal could 
then make some headway into explaining nuclear stability because the proton-electron couples, being electrically 
neutral, would be able to isolate protons from direct contact and decrease the electrostatic repulsion between pto'on 
pairs. As we shall see later, such isolation of proton pairs was not sufficient to achieve nuclear stability and wc now 
know that a much more powerful interaction, the nuclear force, >s responsible for the stability of the nucleus. 
However, on the model currently under discussion, we could consider an atom of carbon (atomic weight 12, 
atomic number 6) to be made up of 6 protons and 6 electrons, with an additional 6 proton-electron couples sep
arating the 6 protons in the nucleus. Since the mass of the electron is negligible in comparison with that of a 
proton, a proton-electron couple has essentiallly the same mass as a proton and so the correct atomic weight can 
be obtained m this manner. Elemental atomic weights, however, are not exactly whole number multiples of hydrogen;* 

'Atomic weights (average mass numbers of natural isotopes) are now based on the carbon-12 isotope as mass standard: 
1 ?C 12.000 atomic mass units. 
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chlorine, for example, his an atomic weight of 35.5. In 1910, Soddy Introduced the term isotopes for elements 
having the same atomic number but different mass numbers. The atomic weight of an element is the average of 
the mass numbers of the isotopes of that element (after taking into account the relative abundances of the iso
topes) Chlorine is mainly a mixture of two isotopes of mass numbers 35 and 37, the natural abundances of these 
isotopes leading to the observed atomic weight of 35.5. On the revised Rutherford model, the chlorine-35 isotope 
latomic number 17) would contain 17 protons, 18 proton-electron couples and 17 electrons around the nucleus 
whilst the chlonne-37 isotope (atomic number 17) would have 20 proton-electron couples in the nucleus. In add
ition to accounting for the mass numbers of isotopes and, by implication, the atomic weights of the elements, these 
Droton-electron couples also provided a ready explanation for the phenomenon of beta-decay, a process whereby 
a radioactive nucleus emits a nuclear electron and transforms itself to the next higher element in the periodic 
table. If proton-electron couples rezlly existed in the nucleus, then this process could be easily explained by assum
ing that one of the proton-electron couples decayed into a proton with the ejection of the electron from the 
nucleus, the atomic number thereby increasing by one unit. 

However, the assumption of electrons within the atomic nucleus encountered unsurmountable difficulties 
m explaining certa.n experimental results and was dropped as not being true to fact. One of the chief objections 
to the presence of electrons in the atomic nucleus is the fact that such an assumption leads to the prediction of 
nuclear magnetic moments which are totally irreconcilable with the experimentally observed values. Moreover. 
from a theoretical point of view*, it can be shown that the energy required to confine an electron within the 
nucleus is much greater than the nuclear bindiny energy which holds the nucleus together. 

AM these difficulties disappear if we assume that the nuclei are built up of protons and neutrons (not 
proton-electron couples). This idea, first expressed by Chadwick in 1932, was developed in the works of 
Heisenberg, Tamm and Ivanenko that appeared in the same year. A detailed study of this model showed it to be 
in excellent agreement with experiment and, apparently, is the only correct one. Experiments in the splitting of 
atomic nuclei with fast cosmic particles gave one of the most vivid proofs of the correctness of the proton-neutron 
theory of ihe nucleus. Due to their very nigh energies, running into several thousands of millions of electron-volts 
(GeV). cosmic ray particles are capable of breaking up an atomic nucleus into all its component particles. Carbon-12 
is split by these fast cosmic particles into 6 protons, not the 12 which would have been expected if 6 proton-electron 
couples were also present in the nucleus (instead of 6 neutrons). The neutron was actually discovered by Chadwick 
in the same year as he postulated its existence. Since neutrons are electrically neutral, they cannot be detected in 
cloud chambers, on photographic emulsions or by other instruments which rely on ionisation processes for particle 
detection. The neutron was actually discovered by implication from the observation of recoiling target nuclei 
which had been struck by energetic neutrons. The neutron is very slightly heavier than the proton by about 1.3 
pans in a thousand. An interesting story has been told by Weisskopf regarding Heisenberg's . loughts on the pros 
and cons of the ex ^tence of proton-electron couples in the nucleus:6 

" . . . we were sitting in a coffee house in Leipzig that faced the entrance to a swimming pool; Heisenberg 
looked at the door. We were discussing how it is possible that an electron comes from the nucleus without 
having been there before. He said, 'You are all making the wrong conclusions; look at that door. You see 
everybody en'ering fully dressed and coming out fully d essed; would you conclude from this that the 
swimmer"; inside are fully dressed?' 

Thus atoms consisted of electrons which surrounded a compact nucleus containing protons and neutrons. 
The electronic structure of the atom resulted from dynamic equilibrium between the electrostatic energy of the 
electron-nucleus system and the kinetic energy of the electron. The arbitrary quantum posulate of Bohr could be 
formally derived, at a later stage, as a necessary restriction imposed by the wave nature of the confined olectron in 
Schrodinger's wave mechanics. The formal, consistently axiomatised treatment of electronic structure by Schrod-
inger and Heisenberg satisfactorily described the realm of atomic and molecular interaction and still provides the 
theoretical foundation for all of experimental chemistry. 

So, now what about the nucleus? We know that it consists of protons and neutrons, but does some 
definite structure or arrangement of the nucleons (protons and neutrons) exist' Several facts point to an affirma 
tive answer to this question. Nuclei also absorb and emit electromagnetic radiation as do the electrons surrounding 
the nucleus but the value of the energy which interacts with the nucleus is about 10 times greater than that which 
is responsible for electronic absorption and emission. Just as the atoms can be arranged into a periodic table whose 
outline represents sequential filling of electronic energy levels with electrons, nuclei also may be arranged in such a 
system which represents sequential filling of nuclear energy levels with nucleons. In fact, a quantum mechanical 

'Via Heisenberg's Uncertainty Principle. For more detail see ref. 19. 
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treatment of nucleons confined within a potential well by the nuclear force or strong interaction leads to solutions 
which represent the allowed nuclear energy levels available to the nucleor.-,. The nature of the nuclear force is 
still not well understood and consequently the state of theory in this area is less developed than on the atomic 
level Nonetheless, theoretical predictions regarding the quantisation of nuclear energy levels are in excellent agree 
ment wi th experimental work. Other aspects of nuclear dynamics wil l be discussed in the fo l lowing section. 

THE QUANTUM IDEA AS A U N IF Y IN G CONCEPT 

The fol lowing section is a summary of several artic.es by the physicist Victor Weisskopf. ' Weisskopf is 
a lucid, accomplished populariser of science and i t is w i th some trepidation that I approach the fo l lowing presen 
tation. I most strongly recommend that readers should take the t ime t o familiarise themselves w i th the original 
articles listed in the bibliography. A resume or good work is a poor substitute for the original. 

Weisskopf sees the work in atomic, nuclear and sub-nuclear physics as being unif iable w i th in the field of 
spectroscopy, the study of absorption and emission of energy In quantised amounts of systems of interacting part
icles. Atoms and molecules accept and release energy in the fo rm of quanta of electromagnetic radiation. Once 
raised to an excited state, atoms and molecules fall to a lower energy state and, in doing so, emit one or more 
quanta. The excited states of atoms and the quanta emitted by them he calls the first spectroscopy. 

Most o f the work in the spectroscopy o f atoms and molecules had been essentially completed by the end 
of the first quarter of this century. With the discovery of the neutron and the advent of particle accelerators, it 
became technically possible to raise the atomic nucleus to various excited states and it was found that the nucleus 
also emitted quanta when it reverted to a lower energy state. However, the quanta emitted by nuclei were not 
only represented by high energy electromagnetic radiation (gamma-rays) but included a new type of quantum; the 
lepton pair. This energy quantum consisted of an electron and a chargeleis particle of vanishingly small mass 
called the neutr.no.* The exicted states and quantum emissions of the nucleus constituted the second spectroscopy. 

Following the second World War, more powerful particle accelerators were bui l t and the Interaction of ind
ividual protons and neutrons, not nuclei, w i th high energy proton beams was studied. What seemed to be happening 
in these interactions was that the target nucleon, when struck by highly energetic protons, produced a host of new 
particles which decayed almost instantaneously into more stable forms. By the early 1960's, the number of new 
particles had increased to more than 100 and the scientific communi ty was noticeably disturbed by the apparent 
arbitrariness of their advent. It then gradually became possible to explain this new phenomenon by considering 
the new particles' as excited states of the nucleon. When these excited states decay t o lower energy states, the 
excess energy is emitted in the form of photons, lepton pairs and a new type of energy quantum, the meson, a 
particle with substantial mass. This, then, was the beginning of the th i rd spectroscopy. 

For the atom, the spherical symmetry of the electrostatic f ield of the nucleus imposes defini te patterns 
upon the energy states which the electrons may occupy. Each of these patterns corresponds to a certain value of 
the angular momentum which must always be an integer mult iple of h/2iT (where h is Planck's constant). Each 
energy state is unique and is available for occupation to only one electron. The Pauli exclusion principi..' if a 
formalised equivalent to this statement. The fact th^t the elements show periodic behaviour is a consequence of 
this principle. E.ich energy level consists of a number of sub-levels w i th different angular morren;... Xi .•.> electrons 
occupy each sub-level until that energy level contains its ful l complement of electrons, at which point a spherically 
symmetrical electron distr ibution results, the 'closed' shell of one of the inert gases (helium, neon, argon etc t. 
After this, the process is repeated for the next energy level, and the next unti l the periodic table is completed. 
The structure of atoms and molecules is based upon the electron-wave patterns formed in the attractive field of 
the atomic nuclei, molecules being nothing more than atoms wi th more than one nucleus. 

The size and energy of atoms follows f rom the interplay between the electrostatic attract ion and quanti n 
mechanics. To use the hydrogen atom as an example, we f ind that the electrostatic attraction tends to confine the 
electron at the smallest possible distance f rom the nucleus while the kinetic energy tends *o increase the distance ot 
the electron f rom the nucleus because a larger vibrational pattern has lower energy than a smaller one. The lowest 

Actually, the particle associated wi th the electron is an anti-neutrino. The neutrino is associated wi th the positron 
The distinction is made later in this article. 

http://artic.es
http://neutr.no.*


equilibrium between these two tendencies is reached when the radius is equal to 0.S3 x 10 metre and this 
corresponds to a binding energy for the electron of 13-6 eV.* For multi-electron atoms, the situation is somewhat 
more complex but the last electron, which is confined by a unit positive charge, will be bound by an amount of 
energy of the same order of magnitude at that holding the single electron in the hydrogen atom. 

"The electromagnetic nature of the electron-nucleus bond thus defines the size and binding energy of 
atoms. It also determines the dimensions of molecular structures. The distance between atoms in a 
molecule will be rjughly equal to the size of the outer-electron patterns because their interlacing gives 
rise to the molecular structure. The energy necessary to dissociate an atom from a molecule will be of 
the order of the energy difference between the electron pattern in the molecular bond and in the isolated 
atom, that is about on? or a few electron-volts . . . 

. these data explain why phenomena on the surface of the earth are dominated by atomic and molec
ular processes. At room temperature the heat energy of each atom is about a tenth of a volt; this energy 
is so low that electron patterns are not broken; atoms and most molecules remain intact. On the other 
hand, the radiation that reaches us from the sun consists chiefly of light quanta that have an energy of 
a few electron volts-an energy high enough to disrupt certain molecules but not so high as to destroy 
all atomic and molecular structure. Therefore, under the influence of sunlight, certain chemical reactions 
(notably photosynthesis) are induced that are basic to the maintenance of life." 

The nucleus consists of protons and neutron- which are held together, not by an electrostatic interaction, 
but by a much stronger interaction—the nuclear force. The nature and origin of this nuclear force is still not fully 
understood as of yet, but scientists are well acquainted with its general properties. Its range of action is extremely 
short and it is practically non-existent over distances greater than 2 x 10 metre and at distances less than 10 
metre it ceases being attractive and becomes repulsive. At a separation of 10 metre, the nuclear force of attrac
tion between two protons is forty times as strong as the repulsive coulombic interaction between the two positive 
charges. If the proton-proton distance is increased to only 4 x 10 metre, the attractive nuclear force and the 
repulsive coulombic force aie just in a state of balance; at a separation of 2.5 x 10' , the coulombic repulsion 
is greater than the nuclear attraction by a factor of 10 . There is one other very important feature of the nuclear 
force: it is the same for all nucleon pairs-proton-proton, proton-neutron and neu'ron-neutron. 

Just as the laws of quantum mechanics, when applied to tt" ? electron confined within the electrostatic 
field of the nucleus, led to the various allowed atomic energy states, so now, for a system of nucleons confined 
within their mutual attractive nuclear force field, we are led to the discovery that the nucleus also possesses various 
allowed energy states for the neutrons and protons which compose it. Once again it is found that confined waves 
cf protons and neutrons produce vibrational patterns, each of which corresponds to a de'inite quantum state of 
the nucleus. The Pauli exclusion principle also applies to the nucleons and a periodic tabie of nuclei, showing the 
successive filling of nuclear energy levels with nurleons until stable closed shells are achieved, may be constructed. 
One very interesting feature of nuclear dynamics which has been brought to light by spectroscopy is that, since the 
nuclear force docs not distinguish between protons and neutrons, nuclear states which differ only by the replace
ment of a proton with a neutron (or vice versa) have the same structure, i.e. the same energy. The symmetry is 
not quite exact because such an interchange alters the nuclear charge but the change in electronic energy is 
much smaller than the nuclear energy of the system and can, in any case, be readily calculated and subtracted. 

As mentioned earlier, an excited nucleus may emit energy as photons (gamma-rays) or as lepton pairs. 
Lepton pair emission increases the nuclear charge by one unit if the pair consists of an electron and an anti-
neutrino; the nuclear charge decreases by one unit if a positron/neutrino pair is emitted. In the first case, 
neutron changes to a proton; in the second case, a proton changes to o neutron. Charge is therefore conserved 
in lepton pair emission. Since the number of nucleons does not change during lepton pair emission, this pro
cess simply represents a transition between diff jrent quantum states of the same nucleus. The energy difference 
between two quantum states linked by lepton pair transitions must, of course, be sufficient to produce an elec
tron (positron) and an anti-neutrino (neutrino). The neutrino mass being essentially zero, a minimum energy of 
0.51 MeV (1MeV = 10° eV), the electron mass in energy units (E = mc'l, must exist between two quantum 
states linked by these transitions The term 'mirror' nuclei is used to describe a pair of nuclei if both nuclei 
contain the same number of nucleons (same mass number) and the number of protons in one equals the num-

1 1 c . . ber of neutrons in the other. Some examples of 'mirror' nuclei pairs are Li, 
3 

7 B e a n d 1 1 B , 
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1 0 ' 1 9 joule. '1 eV =• 1.602 x 
" The superscript refers to the number of nucleons, the subscript refers to the number of protons. 
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t C anil N are memtxrs o ' a single quantum system and the fo l lowing lepton pair transitions can occur: 

' 1 2 12 
^ 8 (loses electron, antineutrino) giving C 

12 " 12 : 
^ N (loses positron, neutrino) giving $C 
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For further details of these interesting processes the reader is again referred to Weisskopf's essays. 

To brief:y summarise, we see displayed on the nuclear level the same general pattern o f a system o ' 
particles under the influence of an interaction being subjected to the laws of quantisation. This leads to the 
observation of discrete energy values when the system changes f rom one quantum state t o another. The 
quantisation patterns for a system of nucleons is different t o those for a system of electrons because, in the 
latter case, the electrons are subiected to a spherically symmetrical electrostatic f ie ld originating f rom an essen
tially fixed central nucleus while. In the former case, the nucleons are subjected to their mutual nuclear inter 
actions. 

"The energy differences between nuclear states are vastly larger than those found in atomic spectra: 
they are of the order of hundreds of thousands of electron volts. That is why nuclei are inert and 
act as unjhanging panicles w i th f ixed properties—as elementary particles—as long as the energies to 
which they are exposed are much smaller than the step f rom the nuclear ground state to the f irst 
excited state. This is the case in all ordinary processes in our terrestial environment. 

The pleasant conditions we enjoy on the earth are exceptional in the universe. We are now. however, 
able to create extraterrestial condit ions artif icially w i th accelerators in which matter is exposed t o 
beams of high-energy particles. The nuclear spectra can he studied in detail by exciting atomic nuclei 
wi th beams of protons or electrons that have energies of several mi l l ion electron vol ts." 

Atoms combine to form molecules by the interlacing of their electronic energy levels. Two nuclei 
can also combine by interlacing of their nuclear energy levels to fo rm a more complex nucleus, i.e. another 
elert ent is formed I; fact, we may consider the nucleus as a 'molecule' made up of nucleons as 'atoms.' 
Indeed, the nuclear force between two nucleons displays a certain similarity t o the in teratomic forces in that 
it acts over short distances and becomes repulsive below a certain minimum distance. In the same manner as 
the interatomic force is a residue of the electrostatic attraction between the electrons and the nucleus, i t may 
be that the strong nuclear force is a residue of a much stronger interaction which is responsible for the 
existence of The nucleon itself. This idea implies thai the nucleon may, in fact, be made up of even simpler 
components which are held together by the 'fundamental ' strong interaction. This possibility is discussed iater 
m this section. One final example of the difference in energy scales between atomic and nuclear systems is 
given by Weisskonf in the fol lowing manner: 

"When carbon and oxygen cnmbine to form carbon dioxide, 0.7eV of heat energy :'. released [ i r r 
molecule formed When a hel ium nuclc-us and a carbon nucleus unite to form an oxygen nucleus, 
20lv1eV are released. Here again we see the different scale of energy in the two realms." 

So fa, nobody has succeeded in doing to the nucleon that which is now a routine procedure in atomic 
anrl nuclear physics, namely, t h " splitt ing of those systems up into their constituent particles. Energies o i a 
few eV wil l disrupt the atom into a nucleus and electrons while several IVeV will disrupt the nucleus in to ind-

Q 

ividual nucleons. Wil l still higher energies, of the order of several GeV ( 1 GeV - 10 eV), break the nucleons UP 
into yet more fundamental entities, the hypothetical q",irks (vide infra)? 

In an ordinary radio valve, electron beam energies of several hundred eV, sufficient t o break any atom 
up into its constituent electrons and nucleus, are routinely obtained every time wn switch on the radio. More 
complex electron accelerators, such as the linear accelerator at S t a n f o d in the USA, can produce electron 
beams wi th a maximum energy of 40GeV. What happens when atoms and nuclei ore hit by these energetic 
electrons? 

At "lectron beam energies below 21.5eV, the helium atom acts like an inf in i te ly hard sphere and the 
impacting electrons are elastically scattered (no energy is absorbed by the helium atom). At 21.5eV, the helium 
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atom becomes 'soft' and absorbs this amount of energy from the beam to raise one of its own electrons to the 
next highest energy level. Above 21.5eV and below 24.5eV. several other higher energy states become available to 
the helium ato.n until, at energies above 24.5eV. the atom dissociates into one free electron and a positively 
charged helium ion. As the beam energy is increased, excited states of the helium ion are reached until, at 54.4eV. 
a doub-'s positive helium nucleus and another free electron is produced. A similar situation arises when nuclei are 
struck by high-energy electron beams, but now the beam energies must be of the order of several MeV. Take as 
an example the interaction of the boron-11 nucleus 01&) with a beam of electrons. The boron-11 nucleus is 
produced at electron beam energies exceeding 340eV since this amount of energy :s required to remove the last 
electron from the atom. As the beam energy is increased, the nucleus remains as an infinitely hard sphere scatter
ing the electrons elastically until the incident energy reaches 2.1 MeV. Now the first excited state of the boron-11 
nucleus is activated. Other excited states are reached as the beam energy increases to 4.5. 5.0, 6.7. 6.8. 7.3. 8-0 
and 8.6MeV. At an incident electron beam energy of 77 MeV. the nucleus has been disintegrated into eleven 
nucleons (5 protons and 6 neutrons). 

So far. so good. From these results we can see that atoms, stable below a few eV. nonetheless consist 
of nuclei and electrons and may be broken up into these components at energies of several tens of eV. Evidence 
for an internal structure of atoms was already evident at energies of several eV when the atoms began to absorb 
energy and moved into higher energy states. This sequence of events was repeated at the nuclear level but for 
energies in the MeV range. 

When the nucleon is struck by a high-energy electron beam of the order of several GeV. we see a repeat 
of the performance at the atomic and nuclear levels. Excited states of the nucleon are produced and thus an in
ternal nucleon structure is thereby implicated. To this time, it has not been possible to break the nucleon up 
into its constituents. Besides the tremendous energies involved, does this third spectroscopy bring to light any 
new conservation principles? 

The first spectroscopy, atomic spectroscopy, interconnected the various excited states of the atom by 
energy transitions which were mediated by photons only. Excited atomic states interacted only by the transfer 
of electromagnetic radiation. The second spectroscopy, nuclear spectroscopy, required, in addition to transitions 
between excited states being mediated by photons (gamma-rays), yet a second means of interconnecting excited 
states which differed only in charge (the total number of nucleons remaining constant). Transitions between 
these states required overall conservation of charge as well as energy and were mediated by the lepton pair quantum. 
Moreover, the two types of transition were mutually exclusive; transitions mediated by photons could not be med
iated by lepton pairs and vice versa. The third spectroscopy, baryon spectroscopy (baryon is the term used to des
ignate the nucleon in its various excited states), required the introduction of a third conservation principle in add
ition to the other two already extant; the conservation of hypercharge. An excited nucleon can fall back into a 
lower energy state with the emission of light quanta or lepton pairs. However, when the excitation energy is high 
enough, the emission consists of an energy quantum with substantial mass; the meson. What is conserved during 
meson emission? 

Photon emission conserves energy. Lepton pair emission conserves energy and charge. Meson emission 
consists of several types. Charged pion emission is similar to lepton pair emission in that energy and charge is con
served but differs from lepton pair emission in energy (at least 137 MeV r-vst be lost if pion emission is to occur) 
and m the fact 'hat the pion is itself a particle/antiparticle combination. Charged kaon "mission conserves energy, 
charge and that new something called hypercharge (at least 495 MeV must be los* if kaon emission is to occur). 
The kaon, like the meson, is also a particle/antiparticle combination. Neutral pio.. emission conserves energy and 
is thus similar to photon emission while neutral kaon emission conserves both energy and hypercharge. 

What then is hypercharge? Unlike energy or charge, which are quantities that can be experimentally mea
sured by familiar instrumentation, hypercharge is a number which is introduced in order to help explain and sys
tematise the baryon spectrum. From a great v/ealth of experimental data, it was found that only certain excited 
states of the nucleon were interconnected by k, on transitions—just as it was found, in nuclear spectroscopy, that 
only certain excited nuclear states wtre interconnected by lepton pair transitions. In the case of nuclear spectro 
scopy, charge conservation (in addition to energy conservation) enabled systematisation of the nuclear spectrum 
to be made. In a similar manner, the concept of hypercharge conservation (in addition to energy and charge con
servation) allowed systematisation of the baryon spectrum to be accomplished. The lepton pair transfers charge 
while the kaon transfers hypercharge. 

There exist a number of other mesons besides the pion and the kaon and these various mesons, in a 
manner similar to the baryons, form an interconnecting spectral series. One significant difference exists between 
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the baryon and meson spectra. Whereas the ground state of the baryon spectrum, the nudeon doublet (proton ar.r. 
teutroni. is stable to further decay*, the ground state of the meson spectrum, the pion. is unstable and decays 
aher 10 " seconds into photons (if neutrai) or after 10 seconds into lepton ours (if charged). 

The quark model of baryons and mesons resulted from the discovery that the baryon and meson spectra 
could be formally represented Dy a three-dimensional matrix group called, for reasons we need not enter into here, 
special unitary group three (SU(3)). The three hypothetical quarks (their imaginary representations being the 
corresponding anti-quarks) carry a half unit of isospin**. fractional electronic charge and one of the three quarks 
carries, m addition, a unit of hypercharge. Baryons consist of various combinations of the three quarks while 
mesons consist of a quark/antiquark pair (which is consistent with their function as energy quanta). However, the 
actual existence of quarks, as distinct from their purely explanatory function, seems unlikely:9 

"Very thorough searches have failed to find any evidence for quarks with a mass below 3 GeV. Never
theless, many results in surprisingly good agreement with experiment can De derived from crude analysis 
of models which picture particles as bound states of quarks, more or less along atomic lines. It does not 
follow from this that quarks exist, because even if they do it is hard to see how they could be described 
by such simple-minded models: rather i* seems likely that there exist regularities in particle physics which 
have not been formulated yet." 

It is also possible that a fourth spectroscopy may exist: the lepton spectrum. The muon. identical with 
the electron in all aspects except mass (being about 200 times heavier than the electron), and another type of 
antineutrino may be emitted during transitions mediated by lepton pairs if sufficient energy is available. The muon 
is not a stable particle and transforms itself in 10 seconds into an ordinary electron and antineut.ino and an anti 
neutrino of the type mentioned above. Associated with the problem of expiaining the relationship of the muon and 
its antineutrino to the electron and its antineutrino is the question as to what roles these particles play in the weak 
interaction. This interaction, intermediate in strength between the gravitational interaction and the electromagnetic 
interaction, is so weak and acts over such short distances (less than 10 metre) that it dc-i not seem to play a 
role in holding anything together.* ** Rather, it is manifested only in certain kinds of collisions or decay process 
that, for whatever reason, cannot be mediated by the strong, electromagnetic or gravitational interactions. Other 
related problems also exist but this article possesses neither the scope nor scholarship to deal satisfactorily with 
them. The topic is still a highly speculative and controversial one. 

It may be opportune to close this section on the quantum concept and look at the area of particle physics 
from the viewpoint of the field theoretical approach. Weisskopf has summarised the current dilemma of the part
icle physicists in the following manner: 7 '"' 9 0 , 

"Modern particle physics has led to the discovery of many unexpected phenomena. Theoretical under
standing does not yet go very far. although theoretical physicists have contributed many ideas, models, 
and analogies in order to correlate and systematise the wealth of experimental material. There is as yet no 
Rutherford of particle physics, and no Niels Bohr. The lack of success is not due to any lack of intelloc-
tual effort, hut the great insight of what goes within a so-called elementary part'de is not yet at hand." 

This is not strictly correct. An isolated neutron is unstable and transforms itself within approximately 12 
minutes into <i proton by lepton pair emission. 
Isospin is a ptiiely formal quantity which was originally introduced to describe the doublet state of the nucleon. 
Protons were assigned the isospin number •'/>; neutrons were assigned the isospin number -'A. The isospin concept 
was later extended to all baryons and mesons to explain the existence of multiplets. the multiplicity of a state 
being given by 21+1 (where I is the isospin number). Since quarks are the hypothetical sub-units of baryons and 
mesons, the isospin concept must necessarily apply also to them. For a fuller discussion the reader is referred to 
the more comprehensive works listed in the bibliography. 
The weak interaction is an extremely important one for the human race. The first fusion reaction in the sun. 
the combination of two protons to give a deuterium nucleus (which is our ultimate energy resource), is mediated 
by the weak interaction: 

proton + proton > deuteron + positron + neutrino 

] H + JH > ?H • e* + -J 
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TOWARDS A NEW INSIGHT IN PARTICLE PHYSICS 

The previous section gave a broad overview of atomic, nuclear and sub-nuclear (particle physics which 
ended with a question: if atoms consist of electrons and nuclei, nuclei consist of protons and neutrons and these 
m their turn, are supposed to consist of quarks, where does one stop in th>* regression? Apparently the quark 
model cannot be the final answer, since current experimental work suggests that the meson spectrum shows fine 
structure which is not anticipated by this model. 

An insight to an alternative, self-consistent theory of elementary particles, which would be complete in 
that all current and future experimental results could be contained within it, has been outlined by the theoretical 
physicist Geoffrey Chew.10 He considers a universe, a closed system, which may be simply represented by a paper 
square. Physicists who live in this paper-square universe set about, in the usual fashion, to discover the basic 
building b'ocks which constitute their world. They find a basic sub-division of their universe and call it the triangle. 
This they consider to be the fundamental building block of the universe. Twenty ye*r: later, the triangle is split 
into the hemitriangle and the demitriangle. These are now thought to be the fundamental building blocks of the 
universe. Later on, the mirror images of the hemi and demitriangles are discovered and these are rapidly followed 
by the rhombus, the parallelogram, the anti-parallelogram and many others. The scientists are greatly disturbed be
cause it is not known what to make of these discoveries. It comes as no small relief when it is found that a hypo
thetical new unit, the hemidemisemitriangle, can account for all the known configurations of the universe. All 
these configurations can be constructed out of combinations of two or more hemidemisemitriangles. This unit even 
allows a few new configurations to be predicted and their discovery leads to acceptance of the idea that the hemi
demisemitriangle is indeed the basic building block of the universe. A few years later, this basic unit is actually dis
covered and the following year it is split into even smaller units. The splitting process continues until scientists 
no longer have any conception as to the nature of their universe. Chew now presents his proposal for solving this 
infinite regression of 'basic building blocks.' Consider the paper square universe to be subject to two restraints: 

(i) the paper may be divided horizontally, vertically or diagonally only; 

(ii) such division! must terminate only at the boundary of the square or at another division. 

These two restraints define the paper square universe since only one possible universe can exist which is consistent 
with both restraints. From these two restraints, all posssible 'fundamental units' of the paper square universe may 
be corstr icted. In Chew's model, there is no s-ich thing as an elementary particle per se. All possible elementary 
particles are necessary consequences of the restraints which define what may and what may not happen in the uni
verse. The restraints represent physical laws in their most general form from which more restricted, and therefore 
probably more familiar, phyica' iaws may be derived. Such a scheme, the description of the universe by structural 
laws (restraints) which are valid alv.ays jnd everywhere, would represent an ultimate scientific accomplishment and 
possesses enormous aesthetic appeal—not to mention equally enormous mathematical difficulties. To unify our 
present experimental knowledge of the universe, any number of theories can be formulated and shown to be con
sistent with what we know at this stage. To unify our present experimental knowledge oncl derive piedictions of 
future events, only a few plausible theories can be formulated and, of these, only one (if we are lucky) or none 
(if we still lack knowledge of some essential aspect of the universe) will be a true description of our universe. By 
true description, we do not mean to imply that such a theory is the only logically possible one, i.e. true in an ab
solute sense. Any number of logically possible theories may be constructed to describe the universe, the only re
striction on them being that they be consistently axiomatised and hence internally self-consistent. All these log
ically possible theories, constructed from self-consistent axioms, are, in themselves, equally valid and compatible 
with each other but mutually incommensurable, i.e. there is no a priori method by which they can be tested 
against each other. However, at best, only one of these will be a true description of our universe in its com 
patability with all current and future manifestations of our universe. The general physical laws which can be 
derived from this theory are the ones which our universe must obey. 

How would we begin to construct such a theory? The most fundamental structure of the universe 
which we can imagine is a generalised space-time geometry. All other manifestations of our universe, matter, charge, 
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mot on, energy and so on, presuppose ttsexistencp and must be ultimately derivable rom it. Space-time is repre
sented mathematically by a highly generalised continuous field which would be separable into gravitational, weak, 
electromagnetic and strong fields in regions where one or a combination of these . ioi<; specific interactions appears 
to be dominant. In other words, there are no truly distinct interactions in nature, only differen. manifestations of 
a universal field which give the appearance of being purely gravitational, or e! ctromagnetic and so on. under cor
respondingly different experimental conditions. This universal field must also approach certain discrete values in 
the microscopic domain to account for the masses, charges, isospins and hypercharges of the various particles. The 
particles, in other words, are logical consequences of the fields through which they interact. They are necessary 
quantum states of these fields. Moreover, for such a unified theory, the universe necessarily becomes finite, i.e. it 
is a closed system. It then follows logically that one can no longer talk of 'free particles' as distinguishable, sep
arable parts of a system. One therefore starts at the beginning with a single closed system without actual separable 
parts and derives the particle features of matter from the general theory when the appropriate approximations can 
be made. In its mathematical structure, such a theory is totally different from current elementary particle theory. 
Current theories of matter are atomistic approaches which use the experimental va'ues of the masses, charges etc. 
of the elementary particles as constants in the equations which describe their interaction with a force field. For 
example. Schrodinger's wave equation for the atom requires the mass and charge of the electron, the charge and 
mass of the nucleus and the experimental equation of Coulomb for the forces which act between these charges in 
terms of their magnitude and separation. In addition, the atomistic approach uses linear differential equations to 
describe the interactions between field and particle, i.e. this approach assumes separability of field and particle into 
distinct entities. The system is therefore an open one and each solution for the allowed quantum states of the 
field-particle system is independent of the others. Any linear combination of solutions is also a solution for the 
system and depends only on tha individual solutions themselves (which do not mutually influence each other). The 
whole becomes the sum of the parts and is separable, without loss of meaning, into its various parts. In an ident
ical manner, laws of nature in atomistic theory are mutually independent and can be formulated ar purely gravita
tional laws, or electromagnetic laws and so on. In contrast, a pure field theory must employ non-linear differential 
equations, the universe being a closad system of mutually interacting parts which are never fully separable into ind
ependent sub-systems. Each solution for a non-lirear differential equation is dependent on every other such solu
tion and the whole is more than the sum of its parts; it cannot ever be more than approximately separated into 
individual solutions. Laws of nature derived from the postulates of field theory are mutually interdependent and 
can never be formulated as purely gravitational laws, electromagnetic laws etc. The distinction between observer 
and observed is only an approximation which is a remnant from our crude macroscopic experiential heritage: 1 1 

"As with quantum theory, one must start here with an 'observer' and the 'observed' to make any physical 
statements about a system. But in contrast with the approach of the quantum theory, this is a closed 
system, without separable parts. 'Observer' is not a defined concept without the existence of 'observed,' 
- just as the concept 'early' is meaningless without the concept 'late'. Further, and of important distinc
tion, there is no intention in the theory of relativiiy to define 'observer' in anthropomorphic terms, or in 
terms of large-scale quantities with respect to the small scale of the observed matter. In this theory, 
'observer-oberved' is a closed system. The hyphen is used only for purposes of convenience in particular 
situations where one can approximate the closed system by one component that is very weakly coupled 
to the rest of the system-sufficiently so that under these circumstances one can treat one of these com
ponents as an almost 'free' quantity of matter, and the other, the 'apparatus' that responds to this matter. 
But it is important with this view, both from the philosophical and the mathematical standpoints, that 
there is in relaity no 'free matter,' and no separated apparatus looking down on it, in a purely oojective 
manner. The only objective entity here, in principle, is the single closed system, not composed of sep
arable parts." 

It is because of the nature of the mathematical difficulties associated with systems of non-linear differential equa
tions that research in this area has been reglected for work in the realm of quantum mechanics. Nevertheless, the 
concept of the unified field theory retains its adherents and recently some very interesting and encouraging results 
have been achieved (vide infra). 

The ultimate goal of science is one of unification, to succeed in representing the entire physical universe 
m terms of the relationships of structure of the fundamental space-time continuum. Einstein's general relativity 
theory enabled gravitation and matter to be reduced to a generalised geometry, but the electromagnetic field was 
left as an arbitrary intrusion which could not be accounted for by the space-time structure elements of the general 
theory. Nor can the nature of the weak and strong sub-nuclear interactions be accounted for, but, of course, they 
has not been discovered when Einstein formulated his theory in 1916, Einstein was aware of the problem of ace-
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ounting for the origin of the electromagnetic interaction and made several attempts (which he felt were unsatis
factory) to further generalise his geometry so as to enable this phenomenon to be derived from the field equations. 
The generalisation of space-time geometry was carried one step further by Hermann Weyl and his work enabled 
the electromagnetic interaction to be accounted for as a constituent eleme.it of the space-time structure. However, 
neither Einstein nor Weyl was able to derive the atomicity of mass and charge of the microscopic elements which 
constituted matter. In these theories, the generalised space-time field was not able to account for the quantum 
nature of the microscopic world and was limited to a purely passive role at this level, that of transmitting effects 
and not of engendering them. 

More recently theoretical physicists, aided by the increasingly sophisticated experimental data currently 
available in particle physics, have shown an inclination to re'urn to the problem of attempting to unify the known 
interactions within a self-consistent field theory or, in less general terms, to derive the classes of particles from 
their respective interactions by a method known as analytic S-matrix theory. Geoffrey Chew gives the following 
reason for this resurgence in interest in the abstract, as opposed to the fundamentalist, approach *o physical 
theory:10 

" . . . I would find it a crushing disappointment if in 1980 all of hadron* physics could be explained in 
terms of a few arbitrary entities. We should then be in essentially the same posture as in 1930 when it 
seemed that neutrons and protons were the basic building blocks of nuclear matter. To have learnt so 
little in half a century would to me be the ultimate frustration." 

The S-matrix theory has had some success in the area of atomic structure. By utilising non-relativistic electron-
proton scattering data and the fact that the photon rest mass is zero, it has been shown that the analytic prop
erties of the S-matrix lead uniquely to the determination of all the properties of the hydrogen atom; there is 
no need to appeal to the Schrodinger equation at all. The restrictions on the matrix determine uniquely the 
quantum states of the atom. Similar attempts to derive the hadron spectrum from hadron reaction amplitudes 
have not been as successful, particularly in attempting to account for internal quantum numbers such as isospin 
and hypercharge. Has field physics been more successful? 

Mendel Sachs has recently completed a research programme which has derived the field equations for 
describing the states of microscopic matter.1 3 The mass field so derived is dependent on the curvature of space-
time and this implies that the mass of any quantity of matter depends upon the remaining mass of the closed 
system. For example, the mass of an electron is not an intrinsic feature per se but is a measure of the coupling 
between the electron and its environment; it is no more than a particular manifestation of the entire closed 
system and not a separable part. Depletion of the environment of the electron would lead to a decrease of the 
electron mass just as depletion of water in a pond destroys the ripple which is a manifestation of the pond and 
not a separable entity in itself. Another feature of the derived mass field is that it implies that when matter 
couples to matter, it can only be attractive or only repulsive. By establishing one case, such as a stone falling to
wards the earth, it follows that the gravitational interaction must be attractive in all cases. The electromagnetic 
interaction also enters the mass field equations and can be attractive or repulsive, which of these it is depends 
upon certain aspects of the space-time curvature. Moreover, the derived mass field approaches certain discrete 
values m the microscopic domain and hence contains the possibility for explaining the elementary particle mass 
spectrum. In particular, this theory also predicts the existence of mass doublets, two particles physically identical 
except for their inertial masses. For more details, the interested reader is referred to Sach's own popular work, 
'Ideas of the Theory of Relativity,' and it is sufficient to say here that the masses of the electron and muon, and 
the muon's life-time, as calculated from his equations, are in agreement with the experimentally observed values. 
This field theory, tl .n, has predicted that there is a mass spectrum in the microscopic domain and is in quantitative 
agreement with the experimental facts. Conventional theories, based on a nondeterministic, atomic premise set, 
have been unable to succed in this area. 

It seems, therefore, that the construction of a unified field theory, though far from being achieved at 
this time, will remain as a viable and intellectually stimulating research activity in years to come. It is appropriate 
to end this section with a passage from one of Einstein's popular essays on the generalised theory of gravitation:13 

"I believe that every true theorist is a kind of tamed metaphysicist, no matter hov pure a 'positivist' he 
may consider himself. The metaphysicist believes that the logically simple is also the real. The tamed 
metaphysicist believes that not all that is logically simple is embodied in experienced reality, but that the 
totality of all sensory experience can be 'comprehended' on the basis of a conceptual system built on 

* Hadron is the name given to all particles which interact only via the strong (or nuclear) interaction, i.e. baryons 
and mesons. 
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premises of great simplicity. The skeptic will :ay that this is a miracle creed.' Admittedly so, but it is 
a miracle creed which has been borne out to an amazing extent by the development of science." 

THE ORIGIN OF THE CHEMICAL ELEMENTS : A NUCLEOSYNTHESIS THEORY 1 4 1 5 1 6 

The chemical elements can be grouped, in order of increasing atomic number and successive filling of 
electronic energy levels, into a system known as the Periodic Table of the elements; periodic being indicative of 
the fact that similar electronic configurations, and therefore similar chemical and physical properties, recur at 
definite intervals. The natural chemical elements, i.e. those not produced artificially in the laboratory by high-
energy proton, neutron or alph-particle beams impinging upon heavy element targets, range from hydrogen 
(atomic umber, Z=1) to uranium (Z=92). Below lead (Z-82) only two elements are missing in nature, technetium 
(Z=43) and promethium (Z=61). These elements have short lifetimes and decay by lepton pair (beta-particle) 
emission. Above bismuth (Z=83), elements decay predominantly by alpha-particle emission and only three nuclei, 
those of thorium-232 (Z=90) and the uranium-235 (238) isotopes (Z=92), are sufficiently long-lived to have sur
vived since the formation of the solar system. These isotopes are responsible for the fact that the earth still has 
small amounts of the elements between Z=83 and Z=92, for the laiter arise as products of the decay of thorium 
and uranium. Astatine (Z=85) is bypassed in the decay chain and does not occur naturally while francium (Z=87) 
is formed by a minor decay chain originating with uranium-235 and is naturally present in only extremely minute 
amounts. Nuclear physicists and chemists have now succeeded in synthesising all the missing elements and have 
even extended the number of elements to Z=105 1 7 , although a controversy still exists between American and 
Russian research groups as to who should be credited with the discovery of this last element. Above Z=105, 
the lifetimes of the nuclei become so short that it seems doubtful they can be prepared and identified with exist
ing equipment. The possibility of the existence of relatively stable 'superheavy' elements around Z=114 and neutron 
number N=184 is still under dispute.18 

How did the chemical elements originate? What processes were responsible for their formation? Were 
they formed suddenly or over a long period of time' Is nucleosynthesis still being carried out somewhere in the 
universe? These are some of the questions which will be considered in this section. 

Nucleosynthesis is an integrated field of science if ever there was one. It has to be. Research in this 
area requires the combined expertise of nuclear physicists, chemists, astrophysicists, cosmologists and mathemati
cians. We need to know the abundances of the elements; the origin, structure and evolution of the universe, 
stars and other astronomical objects; Stella; properties (masses, temperatures, composition etc.) and nuclear prop
erties (reaction probabilities, reaction rates, decay schemes and reaction netv.orks). Reliability of such data at the 
present time ranges from educated speculation (regarding the origin and evolution of the universe) to a fairly high 
degree of accuracy (for nuclear properties). The remaining data combine both ends of the spectrum but possess 
at least some degree of certainty in that they are experimentally accessible-

There are several sources of elemental abundance dcta. On our own planet we can analyse the composition 
of the crust, ocean and atmosphere, and, by allowing for losses of material (light gases) to interplanetary space and 
redistribution of matter between crust and core, estimate the proportions of the elements present at the time of 
formation of the earth. Meteorites are extremely useful sources of data because they show the least chemical pro
cessing of any of the currently accessible extraterrestial solid objects and thus provide a better sampling of the non
volatile elements than does the earth itself. Lunar surface material is available for study and the surfaces of other 
planets have been sampled by remote-controlled space probes. Surface elemental abundances in the sun and stars 
can be obtained by spectroscopy, but stellar abundances calculated in this manner are usually accurate only to within 
a factor of two. Radio astronomy, which picks up the characteristic vibration frequencies of molecules in inter
stellar space, has recently become very important as a data source. The existence of simple molecults such as 
hydrogen, deuterium, water, ammonia, formaldehyde and hydrogen cyanide in the interstellar medium has now 
been established. Less reliable data may be obtained from cosmic ray showers and gaseous nebulae spectra. 

From these data sources (and by approximations often fraught with uncert;..;.*y) it uossibfe to arrive 
at a fairly consistent picture of the abundances of the elements in the universe as far as we can observe it. Hydro
gen is by far the most abundant element, accounting for 93% of the number of atoms and 75% of the mass. Helium 
comes next, accounting for almost 7% of the number of atoms and 24% of the mass. All the remaining elements 
account for less than 1% of the number of atoms and 1% of the mass. A few details on the remaining elements 
are of interest. After hydrogen and helium, the eight next most abundant elements include carbon, nitrogen, 
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oxygen, neon, magnesium, silicon, sulphur and iron. The relative abundance curve shows a distinct peak at iron 
which may be accounted for by the fact that the nuclear binding energy, the energy required to disrupt a nucleus 
into its constituent nucleons, reaches a maximum at the isotope iron-56. The elements lithium, beryllium and 
boron are present in the lowest abundance. Since these elements have nigh neutron capture cross sections, their 
low abundance may reflect the fact that, in a nucleosynthetic process involving neutron addition to nuclei, these 
elements will tend to disappear first and little of them will be able to accumulate.* 

The 'big-bang' theory of the evolutionary universe, which has been popularly associated with the name of 
Georqe Gamow. has the support of recent observational evidence and will receive further discussion in tt"* last 
part of this series (Part 3). According to this theory, about 10^" years ago the universe consisted of a hyperdense 
neutron ball containing about 1 0 ' ' neutrons. This dense neutron bail exploded at or near the speed of li»»ht and 
the temperature, initially about Kr^K, dropped rapidly to 10'K after only five minutes and then more slowly to 
5x103K after 3x1 (P years. The recent discovery that the universe is bathed in an isotropic black-body radiation 
amounting to 3K is in agreement with the value predicted by Gamow from this theory. Gamow also attempted 
to account tor the nucleosynthesis of the elements from the dense, hot neutron cloud in the first 30 or 60 min
utes of existence of our universe. As mentioned earlier, neutrons in isolation (as they would be after the explo
sion) are unstable and decay fairly rapidly into protons and electrons. Capture of a proton by a neutron would 
give the deuterium nucleus which could capture another neutron to give the third hydrogen isotope, tritium. 
Tritium is unstable and rapidly decays by lepton pair emission to give helium-3. Extending such a process of 
neutron capture followed by lepton pair emission, all the elements could be built up in the first few tens of min
utes following the explosion. They would need to be! Apart from the rapidly dropping temperature and density, 
the neutron concentration would be reduced to 1/32 of its initial value after only one hour (by decay processes 
alone, not to mention capture by other nuclei). The theory, so attractively simple, failed due to one apparently 
insurmountable difficulty. There are no stable nuclei with mass numbers of 5 or 8. Helium-5 can be produced in 
the laboratory but it immediately decays into helium-4 and a neutron. Beryllium-8 quickly breaks up into two 
helium 4 nuclei. Since nucleosynthesis in Gamow's theory is based on successive neutron capture to build up the 
nuclei, it is difficult to see how these unstable mass numbers can by bypassed. Three-body collisions, which could 
allow these mass numbers to be passed, have such a low probability of occurring that the amount of heavier 
element synthesis would be far below the abundance actually observed. Gamow's theory may be above to account 
for a small percentage of these elements, but the bulk of them must have been produced by some other process. 

Gamow's neutron ball, after explosion and expansion, can account for the formation of hydrogen (by spon-
teneous neutron decay) and a certain amount of the universal abundance of helium.** Assuming a reaction impasse 
at mass numbers 5 and 8, the process stops there and the universe continues its expansion (which is measurable 
today as the stellar red-shift). We have the situation of a large volume of gas, hydrogen with perhaps a few percent 
of helium, expanding and cooling. From this material stars gradually condensed and these are the alchemical fur
naces for the transmutation of the elements. 

Stars are formed from the interstellar gas by an inherent gravitational instability which arises whenever a 
large mass of gas, perhaps through eddying effects, comes to occupy a relatively small volume. The instability is 
manifested as a gravitational collapse of the gas towards its centre of mass, a collapse accelerating as the radius 
of the gas cloud decreases. Initially, the collapse of the cloud is essentially a state of free-fall and the directed 
motion of the fall is converted into random kinetic energy (through collision) of the gas atoms, i.e. the temperature 
of the gas rues. As the collapse continues, the increasing temperature and density of the cloud generates a rapidly 
increasing pressure which acts against the collapse process and decelerates it to a quasistatic cne. At this stage, 
half of every incremental decrease in gravitational potential is converted to thermal (kinetic) energy and half i„ 
radiated in the form of low-energy photons. Initially, most of the radiation escapes, but the increasing density of 
the gas makes it more opaque to this radiation and eventually thermodynamic equilibrium is established and the 
proto-star becomes a black-body radiator. Much of the radiation still escapes and the remaining energy is used 
to ionise the gas which constitutes the proto-star. Since most of the gas is hydrogen, the internal temperature 
cannot rise above 10*K until all the hydrogen has been ionised. Once the stellar material has been ionised, 
further gravitational collapse increases the internal temperature and radiation leakage keeps the internal pressure 
from becoming too high to stop the slow collapse of the cloud. When the internal temperature reaches 10'K and 
the density has risen to some 10'kg m'"*, the proto-star'ignites', two protons are fused to produce a cwuteron 

* As we shall see later, these elements are bypassed in fusion reactions taking place in stellar cores. Ever, if 
formed, the temperature and density in stellar interiors would rapidly cause their disintegration to helium isotopes. 

*" However, see ref. 14, p.308 'helium problem.' 
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and a positron/neutrino lepton pair. The process is represented schematically thus: ]H( 'H.e + u)*H. This releases 
a total amount of energy equal to 1.44 MeV. Of this. 0.26 MeV are carried by the neutrino which, due to its 
practically zero cross-section, passes without further interaction out of the star, carrying this amount of energy 
with it. However, the remaining energy released by the fusion reaction, 1.18 MeV, goes into increasing the kinetic 
energy of the stellar material. This proton-proton fusion ' .cipitates a chain of secondary processes whose overall 
sum results in the fusion of four protons into a helium-4 nucleus with the release of 26.73 MeV of energy. The 
contraction of the star ceases once the main nuclear reactions begin, a delicate balance being set up between the 
outwardly directed thermal pressure and the inwardly directed gravitational collapse. The energy released by the 
fusion reactions now just compensates for the energy lost by radiation into space. The star has begun on its first 
phase of nuclear combustion and will remain relatively stable in this phase for most of its active life. 

As we have said, the overall reaction taking place in the centre of the Star m this first phase is the 
transformation of four protons into a helium nucleus. This transformation can take place in three different ways 
and may be represented schematically by the following reactions (readers unfamiliar with chemical notation should 
consult an introductory text or the relevant articles listed in the bibliography): 

HYDROGEN BURNING (proton-proton chain) 

JH(|H. e +u) 2H 

JHIJH, 7)^He 

^He^He, 2JH)*He OR ^He^He, 7)?Be 

7

tBe(e\u)£Li OR *Be{ JH, T)fB 

?!.*(] H/y^Be | B ( - . e+u)8Be# 

?Be( -, -)2*He fBt'l •, )2*He 
4 2 4 2 

NETT REACTION: 4 JH > * H e + 2e + + 2u + 27 

(energy liberated = 26.73 MeV) 

superscripts mass number, number of nucleons (A) 
subscripts : atomic number, number of protons (Z) 

electron (e"), positron (e +) , neutrino |i>), photon (7) 

a dash (-) in the left side of the reaction bracket indicates a spontaneous reaction 

a dash (-) in the right side of the reaction bracket indicates that no extra panicles are emitted 

an asterisk (*) indicates that the nucleus is not in its ground state 

In this manner, the hydrogen in the star's core is gradually converted to helium and this product accumu
lates because further fusion of helium into heavier nuclei can.iot take place at the temperature and density assoc
iated with hydrogen burning. With the exhaustion of hydrogen in the core, nuclear reactions in the star's centre 
cease and the delicate balance between gravitational contraction and thermal expansion is destroyed. The core 
begins to cool and the star again undergoes gravitational collapse. As a result of this contraction, temperature 
and density within the star again increase and the outer envelope of hydrogen becomes hot and dense enough to 
fuse into helium-4. This produces a rapid increase in temperature and the outer mantle expands enormously. 
The extended surface changes the star's spectral characteristics and the light radiated shifts towards the red end 
of the spectrum; the star becomes a 'red giant.' This stage of stellar evolution represents a star which has exhausted 
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about 15% of the available core hydrogen; the star has a hot expanded mantle and a relatively cool contracting 
helium core. 

When, through continued gravitational contraction, the temperature of the core reaches 10°K and a 
density near 10° kg m"3, the coulomb repulsion between the helium-4 nuclei can no longer inhibit their fusion. 
At this point, the unstable beryllium-8 nucleus can exist long enough for it to be able to undergo fusion with 
another helium-4 nucleus and form stable carbon-12. Laboratory experiments have shown that the beryllium-8 
nucleus captures helium-4 nuclei extremely readily to form an excited state of carbon-12 which then drops to 
the ground state with the emission of 7.66 MeV as photons. This synthesis of carbon from helium of course 
bypasses the elements lithium, beryllium (whose stable isotope is ?Be, not ?Be) and boron and may help explain 

4 4 
their low relative abundances. These elements are now believed to be formed by the collision of high-energy 
particles with carbon nitrogen and oxygen nuclei in non-thermal environmentstode infra). 

Carbon-12. after fusion with aqpthar helium-4 nucleus, produces oxygen-16. Further fusion processes 
leading to neon 20 and magnesium-24 am r u M out by detailed knowledge of the relevant reaction probabilities 
existing under the conditions appropriate for helium burning. Yields of carbon-12 and oxygen-16 from helium 
burning are about equal. 

HELIUM BURNING 

'HetfHe. -)?Be (cone of Be may be as low as 1 part in 1 0 1 0 ) 2 2 4 

8Be(*He, -) 1 2 .C* 

" C * ( ' ' 7 ) 1 6 C 

NETT REACTION: 7 *He > ^ C • 'go • 3y 

(energy liberated • 20.68 MeV) 

During helium burning, only about 0.07* of the helium is converted into energy and the star remains in 
this phase for only a brief period before cessation of core reaction occurs. Hydrogen and helium burning is still 
operative in the outer layers but the cooling core, now consisting of a carbon-oxygen 'ash/ causes the star to 
contnict further. As before, temperature and density within the core again increases and, provided that the star 
is more massive than 0.7 M s (M s is the mass of our sun, 2x10^kg), the next stage of burning (carbon fusion) can 
be achieved. Stars less massive than 0.7 M $ irobably settle into degenerate 'white dwarf' configurations, burning 
away their remaining hydrogen and helium in the outer layers until conditions are reached which can no longer 
sustain these processes and the star flickers out to become extinct. 

Carbon burning requires temperatures near 1 0 " K and core densities in excess of 10° kg m* 3 . Several 
reactions suggest themselves but the two main channels available for carbon-12 fusion lead to the production of 
neon-20 and sodium 23. The formation of magnesium-23(24) isotopes is not favoured, the former being endo-
the'mic at carbon f,>-ion temperatures and the latter possessing a low reaction probability. Yields of neon-20 
and sodium-23 are about equal. 
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CARBON BURNING 

1|C<12C. <He)2° N e 

' l a ' j C . ]H )23 N a 

NETT REACTION: 4»C - > ^5Ne+ 2 3 N a + 4 H e + 1 H 

(energy liberated = 6.86 MeV) 

Even though the formation of magnesium isotopes is not favoured, very small amounts can be formed by 
the following processes: 1 2 £ ( 1 2 £ , Jn) ?%Mq (n represents a neutron) and ^ C I ^ C , 7)?*Mg. Carbon fusion 
therefore produces neon, sodium and traces of magnesium as well as a new supply of alpha-particles and protons 
(and a few neutrons). Such a mixture allows the synthesis of small amounts of magnesium-25(26), alumir„um-27 
and silicon-28. Another secondary reaction which becomes important during carbon burning is the conversion of 
carbon-12 into oxygen-16 with the concomitant conversion of a proton into a neutron by the following process: 
1 2 £ ( J H , e+v) 13c(^He, in^gO. It remains a difficult problem to estimate the amounts cf products formed in 
these secondary processes as well as their contribution to the overall energy release from this stage of fusion. One 
recent estimate gives 13.6 MeV of energy release from the fusion of 2 carbon-12 nuclei and the secondary reactions 
derived from it. 

At the temperature of carbon burning, the fusion of carbon-12 and oxygen-16 nuclei, which has a large 
coulomb barrier (Z^22=48 instead of 36), occurs at .oo slow a rate to be important. By the time the temperature 
has risen to 2x109K, sufficient to allow carbon-oxygen fusion to take place at a reasonable rate, the continued 
carbon-carbon fusion has practically exhausted the available carbon supply and the next process which commences 
in the core is oxygen-oxygen fusion. 

OXYGEN BURNING 

energy liberated (MeV) 

1 | 0 ( 1 | 0 , ^ H e ) 2 ^ 

1|0(1|o,lH)31p 

1|0(1|0,1n)31 S 

9.59 

7.68 

1.46 

(1) 

(2) 

(3) 

product ratios: (1) : (2) : (3) = 4.5:4.5:1.0 

Trace amounts of sulphur-32 may also be formed ( 1 j J0 ( 1 | 0 , 7)?lS) and secondary reactions, initiated 
by the fresh supply of alpha-particles, protons and neutrons, produce small amounts of chlorine and argon. These 
secondary reactions result in the formation of neutrinos which carry much of the released energy out of the star. 
In fact, oxygen must fuse at temperatures in excess of 10 9K if the neutrino energy loss is to be compensated by 
fusion processes. The main nuclides produced during oxygen burning are the isotopes of silicon, phosphorus, 
sulphur, chlorine and argon with mass numbers ranging from 28 to 40. 

At the temperatures of carbon and oxygen burning (arounc* 10"K) a new type of nuclear reaction be
comes important, the disintegration of nuclei by thermal photons. Just as atoms are ionised at temperatures near 
1CPK, so nuclei can disintegrate at temperatures near 10"K. These reactions, called photodisintegrations, are 
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simply tba^everse of fusion reactions which radiate photons, an example of the latter being the formation of 
neon-20 ( 1 |o($He, 7)?9Ne) which, in reverse, represents the photodisintegration of neon-20 ( 2{jNe(7.2H e> 8 ° ' 
At temperatures near 1.3x109K, the neon photodisintegration rate becomes larger than its rate of formation. 
The overall effect is the formation of oxygen and the capture of the alpha-particle by another neon nucleus to 
form rr.agnes.um: 2 2 0 N e > 1 « 0 + 2*lvlg , e n e r g y , i b e r a t e d = 4.58 M eV>. At these high 
temperatures many nuclei become subject to disintegration and subsequent nuclear reactions, following upon the 
cessation of oxygen burning, are mainly rearrangements in which a particle is photoejected from one nucleus and 
captured by another. These rearrangements result in elements above silicon coming into equilibrium with it by 
the following type of reaction network: 

^|Ar(7,^He)32s(7,4He)2|Si (read as a reve-sible sequence) 

Two types of reaction are now established: 

(i) rearrangement of nuclei which leads by disintegration to silicon-28 and by fusion with free protons 
or alpha-particles towards the heavier elements near iron-56; 

(ii) silicon fusion which leads to iron-56 (via decay from nickel-56). 

Since the nuclear binding energy reaches a maximum at the isotope iron-56, the nett effect of these reaction 
sequences is the production of heavy nuclei near iron-56 (this isotope being the major product) with smaller 
amounts of nuclei leading back from here to silicon-28. Mathematical models of this reaction network (re
arrangement and silicon fusion) have giver, excellent agreement between actual solar abundances and the calculated 
abundances of the elements silicon-28, sulphur-32, argon-36, calcium-40, scandium-45, titanium-47, 
vanadium-51, chromium-52, iron-54, manganese-55, iron-56 and iron-57. 

Once the star has converted its initial core hydrogen and helium, through successive fusion stages, to 
elements with mass numbers near 56, core nuclear reactions come to a halt. The group of nuclides with mass 
numbers near 56 are the most stable nuclides of all and possess the greatest binding energy per nucleon. Higher 
temperatures only speed up the rate of photodisintegration reactions, an endothermic process, which cause nett 
energy absorption, sudden cooling and contraction with rapid increase of the temperature and density in the 
outer layers of the star. These outer layers contain light nuclei ranging from hydrogen and helium (closest to the 
surface) to carbon and oxygen (closest to the core). The sudden temperature/density increase causes these light 
nuclei to undergo rapid fusion which results in the release of a tremendous amount of energy in a very short 
time. The star explodes as a supernova, flinging its outer layers and part of the core *.>ut into space. Besides dis
tributing theelements it has synthesised into the interstellar medium, a star in this situation also produces a number 
of non-equilibrium nuclides by explosive nucleosynthesis, a process we will look at a little later on. 

The synthesis of elements heavier than iron cannot be accomplished by fusion with other nuclei and 
another process must be found. It is well known that most elements capture neutrons rather readily, even at low 
energies, because there is no coulomb repulsion to overcome in such a reaction. Therefore one may be led to 
speculate that the heavy elements could be obtained at quite moderate temperatures if lighter nuclei were exposed 
to a flux of neutrons. Such a line of thinking is reinforced by the fact that a plot of the relative elemental abund
ance vs mass number is the inverse of a plot of the neutron capture ability vs mass number, i.e. elements of high 
abundance have low neutron capture ability and low abundance elements have a high neutror- capture ability. 

A major difficulty arises because the type of star we have been considering up to now, a first generation 
star which condensed from the products (mainly hydrogen and helium) of neutron decay at the birth of the uni
verse, cannot produce sufficient neutrons by secondary processes to enable appreciable formation of heavy elements 
to occur. The few neutrons produced by secondary processes during carbon burning cannot provide a large enough 
neutron flux for the type of processes envisaged for the synthesis of elements heavier than iron. The nucieosyn-
thetic pathway operative in a first generation star produces a mixture of nuclei terminating at mass number 57. We 
shall see later that the heavy elements are synthesised only in second generation stars which have condensed out of 
an interstellar medium enriched in the light elements (up to iron). Such an interstellar medium is produced by 
stars of the first generation distributing the elements they have synthesised into space by the agency of flares, cor
onas and nova or supernova explosions. 

During such a stellar explosion, a large number of the non-equilibrium light nuclides are produced by a 
freezing-out process as the star's material is ejected into space at high veloci'^. As indicated earlier, during a 
s'tnernova explosion, hydrogen, helium, carbon and oxygen burning may be occurring simultaneously and very 

http://rr.agnes.um
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rapidly in successive layers of the mantle. The high temperature and short time (only a fraction of a second) 
of the explosion produces a high degree of nuclear processing, and the expelled products of the explosive 
burning constitute a mixture totally different in composition to that present in the star just before the explo
sive event. Product nuclides usually destroyed during equilibrium burning are produced and ejected into inter
stellar space before they can decay or react further. 

It would appear that explosive nucleosynthesis changes the composition of the star over only a few 
seconds and calculations on such processes as would occur indicate that most of the elements from carbon to 
the iron group are processed into their presently observed galactic abundances at that time. One aspect of the 
theory covering explosive nucleosynthesis is the prediction of galactic gamma-ray sources. During such an 
explosion, the iron-56 nuclide (and a few others) will be produced from its radioactive parent by the following 
process: 5 6 N j ( _ e + v)&jCo^1^ACol.Jt+ tf)5BFe.(.>7)56Fe. 

Nickel-56 is expected to be ejected during the explosion before it has time to decay. The decay series produces 
a characteristic gamma-ray spectrum which should be accessible to experimental observation. If detected, such a 
gamma-ray spectrum would provide direct evidence that element synthesis is currently going on in the universe. 
Indeed, such a gamma-ray spectrum was detected late in 1972. 

Let us now examine what would happen insioe a second generation star which has condensed out of 
an intersellar medium enriched in the light nuclides (formed by first generation stars during their normal life
times and during stellar explosions). Once again, the star contracts until the temperature and density permits the 
fusion of hydrogen to helium. For these stars, a new process for producing helium from hydrogen becomes im
portant, but the previously described pathway (the proton-proton chain) is also operative. The new process uses 
the nuclei of carbon, nitrogen and oxygen (although initially only carbon is required) as 'catalysts' to convert four 
protons into a helium-4 nucleus. Called the CNO cycle, it requires slightly higher temperatures than the proton-
proton chain (3x1 O^K compared to 106«) and is probably the more important process in massive main-sequence 
stars. 

HYDROGEN BURNING (CNO CYCLE) 

1 |c( 1

1 H,7) 1 ^N(-,e + u) 1 3c 

1 |C ( {H .7 l 1 *N( 1

1 H.T) 1 | 0 

1 |0 l - ,e + u) 1 5N(JH, 1 |C)^He OR ^NJJH/yPgoiJH/y) 1 ^ 

1 7 F ( - , e +

u ) 1 7 0 ( 1 H , 1 4 N ) 4 H e 

NETT REACTION: 4JH > 4 H e + 2e + + 2v + 2y 

(energy liberated = 26.73 MeV) 

As can be seen, the CNO cycle is equivalent in its effect to the proton-proton chain. Most of the stars in 
the sky run on one or a combination of these processes for most of their stable lifetimes. 

Apart from this added feature, second generation stars will proceed through the same reaction stages as 
were outlined previously for first generation stare. There is one major difference, however, and that is that the 
CNO cycle can provide the nuclides essential for the production of the high neutron flux needed to synthesise 
elements heavier than iron. Second generation stars which have reached the late 'red-giant' (helium or carbon 
burning) stage can become high neutron flux furnaces and will build up iron 'seed' nuclei to bismuth-209. Where 
does this neutron flux come from? 

The CNO cycle produces carbon-13 and oxygen-17 and, after cessation of hydrogen burning, calculable 
amounts of these two nuclides will be left behind. A small but significant amount of neon-21, formed by the 
reaction ?p.Ne|!H,7)?JNa|-,e+u)?lNe, it produced during hydrogen exhaustion at higher temperatures. These three 
nuclei react with alpha-particles during helium burning to liberate neutrons in the following manner: 
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1 3 c < 4 H e > ) 1 6 0 

1 8 0 < 2 H e - O n ) l 8 N e 

^ N e ^ H e . ^ M g 

Another source of neutrons is the reaction 22N e(4n e1 n)25^|g 

Neon-22 is formed in large amounts during helium burning by the reaction of nitrogen-14 (also from the CNO 
cycle) with two alpha-particles. Provided that the temperature at this stage is near 2X1()8K, the neutron-liberating 
reaction on neon-22 can proceed. 

The element building process which commences now is termed slow neutron capture. Iron-56. for example 
will add neutrons until an isotope which is beta-unstable is reached. The isotope decays by emitting an electron and 
an antineutrino and transforms into an isotope of cobalt with the same mass number. This isotope of cobalt again 
adds neutrons until an unstable cobalt isotope is reached. Beta-decay then yields an isotope of nickel with the mass 
number of the unstable cobalt isotope. The process is then repeated again and again up to a maximum mass number 
of 209 at SgBi. The general process may be represented schematically in the following manner: 

SLOW NEUTRON CAPTURE. s-PROCESS 

Z E l O n ' T , A Z 1 E(Jn.7>A+2E(1,n.T>^3E<-,e- S ) A + 3 G 

A :fH(1n, 7 )A-6H(1n. 7 ,A;7H(1n, 7 )A + + 8H,1n. 7 ,A : 9H,-.e- „ ->£§J . . . . 

etc. 

The most abundant nuclei built up in the s-process are those with closed neutron shells occurring at 
neutron number (N) equal to 50 <*>Sr, § 9 Y , 9 0 Z r ) , N-82 <138Ba, 1 3 9 U 140Ce, UJp, , 1 4 2 ^ ) a n d 

N=i26 ( 2 0 8 P b , 209BJ). The s-process has been very successful in predicting the experimentally observed 
samarium-148(1501 isotope ratio and that the short-lived technetium^ isotope should be present in second 
generation red-dwarfs' (this has now been observed). It may be considered to be one of the best established 
nucleosynthetic processes. 

Another neutron capture process exists which can produce the very heavy radioactive nuclides 232Th, 
235(238)(j a f K j 244pu w n i C h a r e the parent nuclei of most of the elements between Z=84 and Z=91. This process 
.s a rapid neutron capture sequence called the r-process. Rapid neutron capture is necessary to produce the trans-
bismuth elements because these elements decay rapidly back to lead and bismuth isotopes. In the s-process, the 
time-scale for neutron capture reactions is very long, perhaps 103 years, in comparison with the time-scale for 
beta-decay, which is of the order of 1CH second to a few year;. Because of this time-scale ratio, nuclei produced 
by the s process must beta-decay to higher Z isobaric (same A) nuclides which are stable long enough to be able to 
add neutrons before transforming into the next higher Z isobar. Once bismuth-209 is reached, addition of a neu
tron produces bismuth-210 which rapidly beta-decays to polonium-210. This polonium isotope, however, decays 
by loss of a helium-4 nucleus (alpha-decay) to lead-206, thus breaking the chain leading to higher Z nuclides. In 
contrast, the '-process enables a nucleus to capture neutrons so quickly that isotopes which are unstable do not 
have time to decay before a relatively stable neutron-saturated isotope is produced. The neutron-saturated nucleus 
then presumably 'waits' until beta-decay increases its nuclear charge (Z) by one, after which it would again capture 
as many neutrons as would be consistent with its neutron-binding ability. Needless to say, the r-process requires 
an extremely intense neutron flux in order to become operable and probably occurs only in the massive stellar 
explosions called supernovae. 
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One last problem of nucleosynthesis concerns the mode of production of the rare light nuclei. 
6< 7JLi, ^Be, 1 0 ' 1 1 * B . and the scarce isotopes deuterium and helium-3. The first three of these, it will be re
membered, were bypassed during helium burning and the last two are intermediates of the hydrogen burning stage 
(proton-proton chain). Theories dealing with their synthesis can te divided into three types with essentially dif
ferent premises. 

Type (1): These elements are primordial in the galactic sense and hence they represent information relevant 
to the mode of formation of the universe; 

Type (2): These elements are synthesised in non-thermal events of low efficiency at the stellar surface. The 
process invoked is spallation (disintegration and recombination) of heavier elements by energetic 
flare particles or shock phenomena in supernova explosions: 

Type (3): These elements were produced and/or modified in the early history of our universe. 

A great deal of difficulty is associated with deciding which of these theories, or which combination, can success
fully account for the observed relative abundance of the light nuclides. Currently, the Type (2) theory is favoured, 
but more theoretical and experimental work remains to be done and a consensus of opinion by no means exists. 

Nucleosynthetic theory is still in its early stages but already an impressive account of elemental synthesis 
can be given. High-speed computers now allow extremely complex stellar models to be evaluated against the 
available data and old theories are constantly being refined, not to mention the formulation of new theories based 
on better mathematical models. The modes of nucleosynthesis currently held to be viable may be summarised 

I. COSMOLOGICAL (first hour of 'big-bang' universe): 

hydrogen, deuterium, helium-3(4) and perhaps lithium-7. 

II. STATIC STARS (during the life-time of the galaxy): 

hydrogen to helium-4 (nitrogen-14 from carbon-12 (2nd. gen.)) followed by helium to carbon-12, oxygen-16 
(nitrogen-14 to oxygen-18 to neon-22 (2nd. gen.)) followed by carbon, oxygen burning, photodisintegration 
of neon-20 (and other nuclei) with rearrangement and silicon burning to produce elements from carbon to 
the iron group, 

s-process to give elements up to bismuth-209 (2nd. gen.). 

III. EXPLOSIVE STARS (less than 1 second): 

explosive burning of carbon-12, oxygen-16 and silicon-28 to produce nearly all the elements in their 
solar abundances in the ranges Z-10 to 28, A=20 to 62, 

r-process to produce elements beyond iron and most of the trans-bismuth elements (particularly thorium, 
uranium and piutonium), 

rapid proton capture* to produce nitrogen-15, oxygen-18, fluorine-19, neon-21 and many heavier-than-
iron elements not produced by the s- and r-process. 

IV. NONTHERMAL EXTRASTELLAR (over galaxy lifetime): 

spallation of 'heavy' nuclei (mainly carbon, nitrogen and oxygen) by cosmic ray particles to give lithium-
Si?), beryllium-9, boron-IO(ll); helium-3 and deuterium perhaps by spallation of helium-4 with protons. 

GENERAL SUMMARY OF PART 2 

Quantum mechanics has made great inroads into providing an explanatory framework within which 
atomic, nuclear and particle physics can be logically systematised. While enabling accurate predictions to be 
made in most areas of particle-field interaction (particularly on the atomic and nuclear level), it needs to incorp
orate too many arbitrary constants. It therefore represents a method of showing 'how', with a knowledge of ex
perimental parameters, systems of particles interacting with a force field necessarily adopt quantised configurations. 
The 'why' reasons for the existence of distinct and unique masses, charges and related physical constants cannot 
be solved, or even asked, within its framework. Quantum field theory has made some advances in this direction, 

Not discussed in this article. Sited in supernovae but the mass region involved is not known, 
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deriving the electron's magnetic moment, the existence of antiparticles and the fact that particle-field interactions 
are mediated by discrete particle/antiparticle combinations called 'field quanta,' examples being the graviton, 
photon, meson and the hypothetical intermediate vector boson (weak interaction quantum). Particle-field interac
tion then becomes a process of virtual absorption and emission of the field quantum by the particle interacting 
with the field; particle-field interaction is a coupling of the particle to the field by means of the field quantum. 

Attempts to construct a pure field theory, from which all quantum constants such as mass, charge, hyper-
charge, isospin and lepton number become necessary consequences of restrictions applied to the equations describ
ing the field in terms of a generalised space-rme geometry, have received less attention than such an ideal warrants. 
However, recent results in this area show that a discrete mass spectrum of elementary particles can be derived from 
the tenets of field theory and further reduction of arbitrary physical quantities to necessary restrictions of a general 
field may be close at hand. It seems that new methods for handling systems of generalised non-linear differential 
equations must first be developed before anything like a unified field theory can be constructed. 

Nucleosynthesis, although a relative newcomer to the physical theory scene, has had many impressive 
successes. In the next article an attempt will be made to relate current ideas in this field to the problems assoc
iated with the origin and age of the universe. While the correlation between experimental elemental abundances 
and theoretically predicted abundances is generally acceptable, a large discrepancy between the experimental and 
calculated helium abundance has generated a controversy which is still far from settled. 

If the actual 'nature' of matter still remains somewhat obscure we can at least feel justifiably proud of 
what we have achieved in terms of coming to grips with the universe around us. Perhaps a variation on Churchill's 
famous statement would put the point a little more succinctly: 

Never has so much been done 

by so few 

with so little 
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